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Introduction
Semiconductor absorbers such as CdS, CdSe and PbS in the forms of quantum dots (QDs) can be tailored to harvest light efficiently due to their tunable band gaps [1, 2] and high absorption coefficient [3] . When they are applied in quantum dot sensitized solar cells (QDSSCs), the extraordinary light harvesting ability coupled with multi-exciton generation (MEG) [4] [5] [6] [7] [8] and hot carriers extraction [9, 10] via manipulation of size and composition could boost the theoretical power conversion efficiency (PCE) beyond the Shockley-Queisser limit of 32% [11] [12] [13] [14] [15] [16] and lead to the revolution of solar energy conversion. The inorganic nature (robustness against heat and moisture) of QD sensitizers is highly advantageous over the traditional organic dyes [17] [18] [19] [20] and newly emerged organic-inorganic lead halide perovskite absorbers [21] [22] [23] [24] in terms of performance stability and device reproducibility.
Additionally, the low cost and simple fabrication without high vacuum enable QDSSCs to be one of the most promising candidates for next-generation solar cells.
The design of QDSSCs is similar to that of dye-sensitized solar cells (DSSCs). In a typical operation, photoexcited electrons are injected from semiconductor QDs (e.g., CdS, CdSe, PbS) into a nanocrystalline photoanode (e.g., TiO 2 and ZnO), and the electrons flow via external circuit to a photocathode or counter electrode (CE), where the redox electrolyte (for example, polysulfide S 2-/S n 2-) are reduced. To date, the potential of QDSSCs has not been well demonstrated and the reported best PCEs for solution stable CdS/CdSe QDSSCs are at the level of ~6% [25] [26] [27] [28] . Previous studies have been concentrated on developing better techniques for the deposition of QD sensitizers [29] [30] [31] [32] [33] [34] [35] [36] and the broadening their absorption profiles [28, [37] [38] [39] [40] [41] over the past decades. Although the photocurrent density (J sc ) obtained from QDSSCs is comparable to that of DSSCs, the PCE remains much lower than their analogues. This is mainly due to the low open circuit voltage (V oc ) as well as low fill factor (FF). Therefore, in pursuit of high PCE, simultaneous engineering of photocathode and photoanode is highly desirable in terms of improving the catalytic activity of CEs whilst reducing the charge recombination at QD/electrolyte interface [14, 26, 30, 42, 43] .
Conventional CEs using noble metals including Pt and Au have a serious chemisorption of sulfur species in conjunction with polysulfide (S 2-/S n 2-) electrolyte, which is the most efficient and widely used one [44] . This poisoning effect leads to a poor catalytic activity of CE and a high electron transfer resistance at the interface of CE and electrolyte, resulting in low FF.
Furthermore, the tardy charge transfer to the oxidized S n 2-species at CE would induce a high over-potential that reduces the reduction rate and retards the electron flow. Thereby it aggravates the back electron transfer at the photoanode and increases the charge recombination at the semiconductor/electrolyte interface, leading to the loss of V oc . To overcome the limitations of the conventional CEs, alternative catalytic materials have been exploited for the reduction of S n 2-species, for example, CoS, CoS 2 , CuS, Cu 2 S, PbS, MoS 2 , Cu 2 ZnSnS 4 and carbon materials [42, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . Among these candidates, Cu 2 S CEs that are normally fabricated by exposing the brass sheets to sulfide solution [34, 41] exhibit relatively higher electrocatalytic activity in reducing polysulfide species. However, these Cu 2 S CEs suffer from continual corrosion when used in conjunction with polysulfide electrolyte, leading to mechanical instability [49] . Moreover, the poor electrical conductivity of Cu 2 S results in an inefficient charge transfer at the CEs, and a low FF. Although the conductivity could be improved by hybridizing Cu 2 S with reduced graphene oxide (RGO), the CdS/CdSe co-sensitized solar cells using Cu 2 S CE are still grappling with 6% PCE barrier [49, 55] . In view of the similar p-type semiconducting property as Cu 2 S but significantly higher electrical conductivity [56] , Cu 2 Se shows great promise superseding the most common Cu 2 S catalysts.
In addition, its conductivity can be further improved by partial oxidization of exactly stoichiometric Cu 2 Se into non-stoichiometric Cu 2-x Se [56] . However, the studies on Cu 2-x Se are obviously inadequate [57, 58] . In the reported preparation process, impurities such as Na + , K + ions and/or selenide oxide can be easily formed within Cu 2-x Se films and reproducibility cannot be guaranteed [57, 58] . The particle size and morphology of Cu 2-x Se were not well manipulated [57, 58] . So the fabricated Cu 2-x Se films were far from optimal, and the best PCE obtained from QDSSCs with Cu 1.8 Se CE was only 5.01%, despite large J sc of 20.5 mA cm -2 [57] . The engineering of photocathode based on well-defined Cu 2-x Se electrocatalysts featuring high catalytic activity and electrical conductivity is crucial for further improving the efficiency of QDSSCs.
In the meantime, the drawbacks (inefficient light scattering and electron transport) of conventional nanoparticle (NP) photoanodes need to be resolved to maximize the efficiency enhancement in QDSSCs. In order to efficiently transfer electrons and scatter light without compromising QD-loading, our previously developed porous titania nanohybrids (NHs) can be considered as one of the promising photoanode materials [59] . The NHs are prepared by pillaring exfoliated Ti 0.91 O 2 nanosheets (NSs) with colloidal TiO 2 nanoparticles (7~9 nm) without deterioration of their fundamental crystal structure [59] [60] [61] . In this way, the porosity and surface area of the NHs are significantly enlarged for light absorbers to anchor, and submicrometer-sized crystalline NSs play a key role in increasing the light scattering. In addition, the recombination would be suppressed due to the charge transfer between the guest and host in the layered NH system [59, 62, 63] . film is composed of a transparent layer (18NR-T Dyesol paste) and a light-scattering layer (WER2-O Dyesol paste or titania nanohybrids paste [59] ). The synthesis of titania nanohybrids can be found elsewhere [59] . The photoanode films were gradually heated at 100 °C for 15 min and 500 °C for 30 min, respectively [64] . Potentiostat [67] . The Tafel-polarization measurements were recorded by an Electrochemical Workstation (CHI660d) [67] .
Results and Discussion
Cu 2-x Se NPs and NWs were prepared by environmentally friendly and surfactant-free aqueous approaches, and were comprehensively characterized. The crystal structures of the two samples were investigated by XRD measurement. As indicated in the XRD patterns (Figure 2) , both the NP and NW samples showed the characteristic peaks of cubic Cu 2-x Se (JCPDS 06-0680) [68] . In order to investigate their surface oxidation states and chemical composition, X-ray photoelectron spectroscopy (XPS) analysis was conducted for all the samples. Only the peaks of C, Cu, O, and Se were observed in the XPS surveys ( Figure S1 ), and no evident impurities (such as Na, B, Cl) were detected in the products. showed that all the diffraction peaks of the obtained brown precipitates can be well indexed to the pure Cu 2 S (JCPDS 46-1195). The XPS analysis ( Figure S4 ) was performed to determine the chemical composition of the Cu 2 S sample. As shown in Figure S4b , the peak at 931.9 eV which is referred to Cu 2p 3/2 , indicated that Cu ions were in the form of Cu (I) state. J sc : short-circuit current density, V oc : open-circuit voltage, FF: fill factor, η: energy conversion efficiency; the average value of each data was obtained by testing at least 6 cells.
In order to investigate the catalytic property of Cu 2-x Se samples, CE films were prepared by depositing Cu 2-x Se NP or Cu 2-x Se NW paste on FTO substrates using the doctor-blading method (refer to the Experimental section for more details). Prior to any testing, XPS analysis was conducted again on the resultant Cu 2-x Se films after annealing under Ar flow. Figure S5 showed the XPS spectra of Cu 2p from the annealed Cu 2-x Se NP film as well as Cu 2-x Se NW film. No significant change was detected compared to the original samples, which implied the good stability of Cu 2-x Se. For comparison, Cu 2 S CE film was fabricated and treated in a similar way as those of the Cu 2-x Se CE films. The wide band-gap ZnS layer plays an important role in reducing the internal recombination at QDs as well as the charge recombination at the QD/electrolyte and TiO 2 /electrolyte interfaces before charge injection and thus improving the efficiency [37, 69, 70] . Figure 4a shows the photocurrent density-voltage (J-V) characteristics of these QDSSCs under the standard simulated AM 1.5 illumination with an intensity of 100 mW cm -2 in the presence of a mask. At least 6 cells were constructed and evaluated in parallel for the performance measurements. The average photovoltaic performance parameters are summarized in Table 1 .
The reference cell fabricated with Au CE exhibited a short-current density (J CEs is ascribed to the higher electrical conductivity.
The photocurrent response to incident light for QDSSCs incorporating various CEs was analyzed by IPCE as shown in Figure 4b . The overall photocurrent response was consistent with the absorption features and the photocurrent onset starts at around 700 nm for TiO 2 /CdS/CdSe-based QDSSCs. The higher IPCE in the short wavelength range is due to the strong absorption of CdS, whereas CdSe harvests light efficiently in the long wavelength range [28, 72] . Compared to QDSSCs with Au CE, the IPCE spectrum of QDSSCs employing Cu 2 S CE was higher over the entire wavelength region; however, it was lower than those of QDSSCs fabricated with Cu 2-x Se CEs. This result is in good accordance with the observed J sc as listed in Table 1 . The significant IPCE enhancement of QDSSCs fabricated with Cu 2-x Se CEs further indicated that Cu 2-x Se possesses super electrocatalytic activity in reducing S n 2-to nS 2- , and great potential in superseding the most common Cu 2 S as the more effective CE catalysts for high efficiency QDSSCs.
To interpret the catalytic behaviors of these CEs related to photovoltaic performances, electrochemical impedance spectra measurements were first carried out using dummy cells , which is the key step of the catalytic process [49, 73] . Thereby, R ct is considered as the pivotal parameter determining the catalytic capability of CE catalysts [42, 74, 75] . According to the equivalent circuit shown in the inset of Figure 5a , the high-frequency intercept on the real axis represents the series resistance (R s ). The left arc in the middle-frequency region is ascribed to the charge transfer resistance (R ct ), which corresponds to the charge transfer at the interface of CE/electrolyte and changes inversely with the catalytic activity of different CEs. The Warburg diffusion impedance (Z w ) arises from mass transport limitations due to the diffusion of the S n 2-/nS 2-couple within the electrolyte [75] [76] [77] , and can be obtained by fitting the right-hand arc in the low-frequency range. The well fitted Nyquist plots can be found in Figure S8 . All the parameters determined from the fitted Nyquist plots in the Z-view software were summarized in Table 1 . This is consistent with the increased J sc and V oc displayed in Table 1 . Compared to Au and Cu 2 S CEs, Cu 2-x Se NP and NW CEs showed a smaller series resistance (R s ) of 13.1 and 12.6 Ω, respectively. This reveals higher electrical conductivity of Cu 2-x Se and coincides well with previous study [13] . In addition, Cu 2-x Se NP CE delivered the smallest Warburg impedance (Z w ) of 3.12 Ω, whilst Au CE has the highest Z w of 77.78 Ω, implying the much more efficient diffusion of polysulfide electrolyte at the interface of Cu 2-
x Se CE/electrolyte. The decreased Z w as well as R s [78] lead to remarkably increased fill factor (FF) of QDSSCs fabricated with Cu 2-x Se CEs. Therefore, all these parameters jointly contribute to the excellent electrocatalytic activity of Cu 2-x Se CEs, and enhanced photovoltaic performance of QDSSCs is highly foreseeable. According to Eq. 1 (R is the gas constant, T is the temperature, F is the Faraday's constant, and n is the number of electrons involved in the electrochemical reduction of polysulfide at the electrode), the larger slopes for Cu 2-x Se electrodes represent the larger exchange current density (J 0 ) [42, 75, 79, 80] , which is in good agreement with the EIS results. Eq. 2
To examine the electrochemical stability of the Cu 2-x Se CEs, EIS measurements over time were carried out for the dummy cells fabricated with Cu 2-x Se NP CE. Figure S9 shows the To further boost the efficiency of QDSSCs, the porous titania NHs [59] were employed to form the scattering layer instead of the commercial WER2-O Dyesol paste (with particle size of 150-250 nm). As we previously reported, the use of porous titania NHs promoted the light scattering, QD loading, and charge transfer simultaneously [59] , despite of the large particle size of up to micrometers. The darker color of NH film than WD-TiO 2 film shown in Figure   S10 indicates higher QD-loading which is due to the significantly enlarged surface area of NHs. In addition, QD-sensitized NH-TiO 2 film exhibited higher absorption than that of WDTiO 2 film over the entire region (Figure 6a) , which benefits the photocurrent of QDSSCs. To quantify the increased QD-loading, both QD-sensitized NH and WD films with a dimension of ca. 4 cm 2 were used for ICP analysis. The Cd concentration in NH film was determined to be 1.21×10 -3 mol cm 2- , which is higher than that (1.02×10 -3 mol cm 2- ) in WD film. In addition, the uniformity of QD distribution throughout the NH film was examined by performing cross-sectional SEM with elemental mapping via EDX analysis. *The average value was obtained by testing 6 cells.
The resultant QD-sensitized NH films were assembled with Cu 2-x Se NP CEs to construct QDSSC devices and the photocurrent density-voltage (J-V) characteristics of these QDSSCs were shown in Figure 7a . As listed in Table 2 , the efficiency was pronouncedly boosted to an average value of 6.97% with J sc of 20.83 mA cm -2 , V oc of 568 mV, and FF of 58.9%. This can be ascribed to the synergetic effect of tri-functional NH photoanode and highly effective Cu 2-x Se NP CE. Figure 7b shows the IPCE spectrum for the NH-based QDSSCs. IPCEs of over 80% in the range of 420−620 nm were observed and maximum value of up to 86.5%
was achieved. The further enhanced IPCE was mainly due to the higher QD-loading and better light scattering. The calculated J sc from the IPCE spectra is 19.2 mA cm -2 , which is close to the measured photocurrent. The champion cell delivered a recorded efficiency of 7.11% for CdS/CdSe QDs co-sensitized solar cells. It has been reported that hysteresis appears in some perovskite solar cells depending on the measurement of scanning directions.
In order to check if hysteresis happens in our devices, we conducted the IV scan in both reverse and forward directions. As shown in Figure S11 , no obvious hysteresis was observed in our devices by changing the sweep direction, which verified the reliable efficiency obtained.
Conclusions
In summary, new types of Cu 2-x Se NP and NW catalysts were synthesized by facile wetchemical methods, which were subsequently used as CEs in QDSSCs via a scalable roll-toroll approach. The photovoltaic characteristics showed that the use of Cu 2-x Se NP CE can remarkably enhance the efficiency by 17.1% compared to Cu 2 S CE. Both EIS and Tafelpolarization measurements verified that the resultant Cu 2-x Se CEs exhibited higher electrocatalytic activity in the reduction of polysulfide species than that of Cu 2 S CE and Au CE. The good stability of Cu 2-x Se CEs was also demonstrated by EIS measurements over time. To further improve the efficiency, porous titania NHs were introduced as the scattering layer of the photoanode, leading to improved light scattering, QD-loading, and charge transfer at the same time. Eventually, an efficiency of 7.11% for CdS/CdSe QDs cosensitized solar cell was achieved through simultaneous engineering of photocathode (highly effective Cu 2-x Se NP CE) and photoanode (porous titania NHs). Our study may pave a way to the development of more effective CE as well as shed new insights for maximizing the efficiency enhancement of QDSSCs.
Associated Content
Supplementary figures. This material is available free of charge via the Internet
Notes
The authors declare no competing financial interest.
